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Abstract 
In this contribution a macroscopic double membrane rheometer presented earlier is modified to a single membrane 
configuration in order to study further characteristics of driving modes and material properties. Excitation and read-
out of the membrane vibration are based on Lorentz forces induced in a static magnetic field. First, the possibility to 
influence on the excited vibration mode by pre-stressing the membrane is studied. It results that pre-stressing slightly 
increases the frequency of the resonance peaks and furthermore enables the excitation of lower order vibration modes 
at lower frequencies. By changing the pre-stress, the induced vibration modes and consequently the sensitivity range 
of the sensor can be altered. A second focus of the present work was to study the robustness of the Poly-Ethylene 
material and the resulting change of the vibration behavior with respect to temperature and aging. It was found that 
heating of the material increases the internal friction and decreases frequency and quality factor of the eigenmode. 
Furthermore, aging results in a considerable increase of the polymer stiffness leading to an increase of the 
eigenfrequency. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
In the last years an increasing need for in-line sensing of fluid parameters like density and viscosity in the 
industrial and biomedical field can be observed. While classical rheometers offer good measurement 
results and good applicability in the laboratory environment, miniaturized sensors are needed for the in-
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line fluid parameter monitoring [1]. In order to achieve high penetration depths of the induced shear 
waves that are necessary to estimate the parameters of complex fluids like emulsions, ultimately 
macroscopic devices have been designed that operate in the low kilohertz range [2]. 
In [3] such a miniaturized sensor was proposed, which offers good sensitivity on fluid density and 
viscosity. It is based on two Poly-Ethylene (PE) membranes vibrating parallel in the test liquid. The 
vibration characteristics of the membranes, namely frequency and the bandwidth of the eigenmodes, 
directly depend on the parameters of the enclosed fluid volume. In [4] two application modes of the 
double-membrane assembly are proposed. When vibrating symmetrically in the second mode of 
vibration, fluid is squeezed between the two peeks of maximum deflection offering high sensitivity on 
viscosity due to the resulting shear motion of the fluid. On the other hand the vibrational behavior is very 
sensitive to mass density in a driving mode where the two membranes are vibrating anti-symmetrically. 
The sensor works in the low kilohertz range offering considerable penetration depths of the resulting 
shear waves. Thus, this sensor principle is also applicable for sensing complex fluids. In order to study 
the application characteristics and more versatile application modes of the double membrane rheometer 
presented in [3], an equivalent single membrane rheometer was devised. 
2. Sensor Principle and Fabrication 
Fig. 1. (a) depicts the shape of the membrane and the arrangement of excitation and read-out paths. In (b), the test arrangement is 
shown - the test cell lies between two permanent magnets and the membrane is covered with the test fluid on one side. (c) depicts 
the resulting shear motion of the fluid induced by the vertical deflection of the membrane. 
In Fig. 1(a), the structure of the membrane is shown. The PE membrane is printed with two excitation and 
four readout copper paths by means of photolithographic processes. The vibrating area, shown in grey, 
has a size of 5.6x12 mm² - the borders of the membrane are glued to a conductor board with epoxy. In (b), 
the test set-up for the vibrating membrane is shown. The sensor is placed in an open test assembly 
between two permanent magnets, which provide a magnetic flux density of 0.6 T. Driven harmonically, 
the Lorentz forces deflect the membrane, where the voltage induced in the readout-paths represents the 
quantity to be measured. In comparison to the standard design of [2] and [3], this design features an 
additional centered excitation path, which induces a pre-stress on the membrane by applying a constant 
current and utilizing the resulting Lorentz-force. 
3. Vibration Modes 
Figure 2(a) shows the computed frequency response of the sensor and the corresponding modes of 
vibration. By applying a harmonic current to the centered path the longitudinal (1/1) and (3/1) modes can 
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be excited. On the other hand the (1/2) and the (3/2) modes are excited if the eccentric electric paths are 
used. If furthermore a bias current is applied to the centered path, the membrane is deflected statically 
resulting in a membrane pre-stress. 
Measurements show two effects if a bias current is applied in addition to the harmonic current through the 
lateral paths, see Fig. 3(b). Firstly, with increasing bias current the amplitude of the (1/2) mode decreases 
whereas the peak of the (3/1) mode increases. Secondly, pre-stressing the membrane shifts the (1/2) and 
the (3/2) modes to higher frequencies. Fig. 3(a) shows the applicability of the sensor for fluid sensing - 
upon immersion in water the membrane features lower resonance peaks and a lower quality factor than 
for vibration in air. 
Fig. 2: Simulation results of the frequency response and the resulting modes of oscillation are shown. The dashed line describes the 
response of the (1/2) and the (3/2) high frequencies modes that are induced by the two eccentric paths. Applying a current to the pre-
stress path excites the (1/1) and the (3/1) modes. All four modes are excited if the two modes of excitation are mixed, if a bias-
current on the center path is applied or if an asymmetry in the geometric shape of the membrane or the electric paths is present, see 
Fig. 3(b). 
Fig. 3: Normalized induced voltage over the excitation frequency. (a) illustrates that the resonance peak and quality factor decrease 
when vibrating in water compared to the oscillation in air. (b) shows, that additionally to the (1/2) mode, the (3/1) mode is excited, if 
a pre-stress to the foil by means of a bias current on the centered electrode path is applied. With increasing bias current, the 
frequency of the (1/2) mode slightly increases. 
4. Material Drift 
The used PE foil is subject to various effects that influence on the material parameter and consequently on 
the vibration behavior of the sensor. In order to study the mechanical stability of the used polymer, the 
first resonance frequency of a cantilever made of the same PE material of similar size as the membrane 
was investigated. Using a cantilever rather than a membrane eliminated influences associated with the 
clamping of the membrane boundary and thus yields more insight on the material properties themselves. 
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In Fig. 4(a) it is shown that heating the membrane lowers the resonance frequency - this is caused by the 
heat induced decrease of the Young modulus of elasticity. Furthermore, heating leads to a geometric 
expansion of the cantilever, which also lowers the resonance frequency. When cooling down these effects 
decrease but there persists a small change of the polymer structure and of the resonance behavior. Fig. 
4(b) shows that aging has an essential effect on the membrane parameters. Firstly aging may have led to a 
drying of the polymer. A further effect seems to be the volatilization of the softening agents present in the 
foil. First, this diffusion decreases the area density of the foil. Second, the absence of the softeners leads 
to an increased elasticity modulus. Both influences lead to an increased resonance frequency. 
Fig. 4.: Analysis of the first vibration mode of a 12x4 mm² PE cantilever in order to analyze the aging and heating behavior of the 
printed PE membrane material. (a) shows that with increasing membrane temperature the internal friction in the foil increases and 
resonance frequency and quality factor decrease. (b) demonstrates that due to an aging of seven days the elasticity of the polymer 
increases at 4% and frequency and quality factor of the first mode increase significantly.
5. Summary 
It was shown that the inclusion of an additional centered driving path offers more flexibility in choosing a 
proper driving mode in order to widen the sensitivity range of the sensor. Pre-stressing the membrane 
therein slightly increases the frequency of the (2/1) mode and enables the excitation of the longitudinal 
low frequency (3/1) mode. The study of the material drift has shown that there is an excessive longtime 
drift due to an aging of the foil and a short time decrease of resonance frequency and quality factor due to 
membrane heating. Whereas a single clamped cantilever still vibrates loosely after being deformed, a 
completely clamped membrane gets stressed up, inhibiting free vibration. Consequently, other materials 
need to be found for the highly effective double membrane sensor, which are characterized by a higher 
physical and geometrical stability in order to ensure long time stability of the vibrational behavior.
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